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A comprehensive 3D coupled mathematical model is developed to study the microwave
assisted thermocatalytic decomposition of methane with activated carbon as the catalyst.
A simple reaction kinetic model for methane conversion (accounting for catalyst deacti-
vation) is developed from previously published experimental data and coupled with the
governing equations for the microwaves, heat transfer, mass transfer and fluid flow
physics. Temperature distribution and concentration profiles of CH4 & H2 in the catalyst
bed are presented. The temperature profiles at different input power values predict a non-
uniform temperature distribution with hot-spots near the top and bottom of the catalyst.
The concentration profiles predict a linear variation of CH4 and H2 concentration along the
length of the reactor and show a good agreement with experimental conversion values.
The influence of volumetric hourly space velocity on methane conversion is also
investigated.
© 2016 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).and coal gasification, SMR is more efficient (50%), however it
Introduction
Global concern over the increasing level of greenhouse gas
emissions and the associated climate change has driven the
search for renewable and more environment friendly sources
of fuels [1]. Hydrogen, which has a high heating value and
water as its only combustion product, is being considered as
an ideal alternative to the traditional fossil fuels [2]. However,
as there are no natural sources of hydrogen in elemental form,
different methods are employed to extract H2 from various
compounds. Almost 50% of the commercial hydrogen is being
produced from natural gas (whose main component is
methane) using the steam methane reforming (SMR) process
[3]. Compared to other processes, such as partial oxidationu).
r Ltd on behalf of Hydrogen En
i S, et al., Numerical an
Energy (2016), http://dx.generates large quantities of COx emissions and additional
separation steps are required to obtain pure H2 before it can be
used in fuel cells [4]. Thermocatalytic decomposition (TCD) of
methane as described in Eq. (1), is a promising alternative to
SMR as it can produce hydrogen without any direct COx
emissions [4].
CH4/Cþ 2H2 DHo ¼ þ75kJ=mole (1)
As TCD of methane is an endothermic process, catalysts are
typically used to expedite the kinetics and reduce the required
temperature.Awide rangeofmetal catalysts (Ni, Co,Feand their
alloys) have been used for methane TCD and have shown high
activity, however catalyst deactivation by carbon deposition onergy Publications LLC. This is an open access article under the CC BY license
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doi.org/10.1016/j.ijhydene.2016.09.126
Nomenclature
kd0 Pre-exponential factor, [mol/m
3]m sm1
Ed Activation Energy, J/mol
cp Specific Heat Capacity, J/kg K
E Electric Field, V/m
H Magnetic Field, A/m
T Temperature, K
Q Heat Source, W/m3
Qf Flow rate, m
3/s
ci Concentration of Species, mol/m
3
Ni Mass Flux of Species, kg/m
2 s
u Velocity, m/s
pi Pressure of Species, Pa
f frequency, 1/s
a Activity, dimensionless
d Activity exponent, dimensionless
m VHSV exponent, dimensionless
k Thermal Conductivity, W/m K
h Heat transfer coefficient, W/(m2 K)
Di Diffusion Coefficient of Species, m
2/s
De Effective Diffusion Coefficient, m
2/s
R Universal Gas Constant
r Density, kg/m3
εp Porosity, dimensionless
s Electrical Conductivity, S/m
m Dynamic Viscosity, Pa s
εr Relative Permittivity, dimensionless
mr Relative Permeability, dimensionless
k0 Wave number of free space
ε0 Permittivity of free space
k Permeability, m2
u Angular Frequency, Hz
εe emissivity, dimensionless
Subscript
in inlet
p porous catalyst
i chemical species, CH4, H2 or C
0 initial
eff effective value
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e82the surface is still a major concern [5]. In the last decade several
researchers evaluated carbonaceous catalysts such as activated
carbon and carbon black for TCD [6e14]. With numerous ad-
vantages such as, low cost, resistance to high temperature, easy
availability, resistance to poisoning by sulfur and other harmful
impurities inthefeedstock,etc., thecarbonaceouscatalystshave
spurred several investigations to thoroughly understand the
catalytic reaction mechanism [6e14]. In addition, unconven-
tional heating methods such as heating via microwave irradia-
tion are also being evaluated for process intensification in
heterogeneous catalytic reactions [15e20]. Contrary to conven-
tional heat sources, microwave heating provides several ad-
vantages including 1) uniform volumetric heating, 2)
comparatively high heating rate, 3) better selectivity, 4) heating
without contact, and 5) short start-up or stopping time [16,17].
Thus microwave heating is not only being studied for decom-
position of methane but also for many other heterogeneousPlease cite this article in press as: Gadkari S, et al., Numerical an
methane, International Journal of Hydrogen Energy (2016), http://dx.chemical reactionssuchasdryandsteamreformingofmethane,
coal and biomass pyrolysis, methanol steam reforming, meth-
anoloxidation,hydrogenevolutionfromorganichydrides,water
gas shift reaction, etc [17e28]. Dominguez et al. [21], combined
microwave heating as a heat source and activated carbon as the
catalyst for the thermocatalytic decomposition of methane in a
fixed bed quartz-tube flow reactor. Their results showed higher
conversions of methane for microwave heating compared to
conventional electric heating. These differences in conversion
havebeenattributed to the formationofhot spotsandsynergetic
effects due to microwave irradiation [21]. However the exact
mechanisms are still unclear. Extensive research needs to be
carried out to thoroughly understand the microwave assisted
biochemical conversion processes. While there have been
severalexperimentalstudies, thenumberofnumerical studies is
comparatively far less [29]. Chen et al. [29] investigated the in-
fluences of microwave power, volumetric hourly space velocity
(VHSV), and catalyst bed geometry on the performance of mi-
crowave assistedTCDusinga 2Dmathematicalmodel. However
they have used the reaction kineticmechanism derived for TCD
of methane using conventional heating sources. The experi-
mental comparisonshownintheirpaper is thusnon-conclusive.
Additionally the 2D model used by Chen et al. [29] does not
provide information on the temperature and concentration
profiles in the central volume of the reactor and also fails to
describe the influence of hot spots. The goal of the current study
is to develop a comprehensive 3D model for the microwave-
assisted decomposition of methane and provide a better un-
derstanding of the interactions between the chemical and
physical mechanisms governing this process. A simple kinetic
mechanism for the decomposition of methane and catalyst
deactivation has also been developed using the experimental
data of Dominguez et al. [21], and has been used to predict the
concentration distributions in the reactor. In addition the effect
of VHSV on themethane TCD process is also investigated.Model formulation
Geometry
A multimode microwave oven operating at a frequency of
2.45 GHz was considered for this model. Microwave radiation
is directed from the magnetron to the cavity through a rect-
angular waveguide operating in the TE10 mode. The walls of
the oven and the waveguide are assumed to be made of cop-
per. The reactor tube is made of quartz and placed at the
center of themicrowave cavity. Only the section of the reactor
tube filled with the activated carbon catalyst is considered in
themodel, as it is assumed that the reaction only occurs in the
presence of catalyst.
In order to reduce the computational expense of the nu-
merical analysis, a symmetry cut is applied vertically through
the center of the oven, waveguide and the reactor tube. The
schematic of the final reaction system used in the model is
shown in Fig. 1, along with the dimensions for the microwave
cavity and the waveguide. The dimensions of reactor tube are
2.1 cm diameter and 6 cm height.
To present a more general system, the dimensions of the
microwave device used in this study are different from those ofalysis of microwave assisted thermocatalytic decomposition of
doi.org/10.1016/j.ijhydene.2016.09.126
Fig. 1 e Schematic of the (a) top view of the full microwave
cavity with the reactor tube at the center and (b)
symmetrical geometry used in the model.
i n t e rn a t i o n a l j o u rn a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e8 3the microwave cavity used in Dominguez et al. [21]. However
the section of the reactor tube represented here is equal to the
volume of the catalyst considered by Dominguez et al. [21]. By
maintaining the catalyst volume and the average temperature,
it is assumed that the specific energy consumption of the
catalytic bed would be similar and the overall decomposition
performance over the catalyst would be the same regardless of
the geometry of microwave device used [30].
Governing equations
Governing equations for the microwaves, heat transfer, spe-
cies transport (mass transfer) and fluid flow through the
porous catalyst are represented by Eqs. (2)e(6).
▽ m1r ▽ E k20

εr  js
uε0

E ¼ 0 (2)

rCp

eff
vT
vt
þ rCpu,▽T ¼▽:ðkeff▽TÞ þ Q (3)
εp
vci
vt
þ▽,ð  De;i▽ciÞ þ▽ðuciÞ ¼ Ri (4)
r
εp

vu
vt
þ ðu,▽Þ u
εp

¼ ▽,pþ
▽,

1
εp

m

▽uþ▽uT 2
3
mð▽,uÞI

 k1mu (5)
v
vt

εpr
þ▽,ðruÞ ¼ 0 (6)
The wave number of free space, k0 is defined as k0¼u/c0,
where c0 is the speed of light in vacuum.
The heat source term, Q in the energy balance equation is
calculated from the volumetric power generated by dielectric
heat dissipation in the biomass sample due to microwave
exposure and is expressed as:
Q ¼ 2pfε0ε00 jEj 2 (7)
Also the effective heat capacity and conductivity values are
defined as

rCp

eff
¼ 1 εprpCp;p þ εprCp (8)
keff ¼

1 εp

kp þ εpk (9)
The complex dielectric constant is defined as, εr¼ε0  iε00Please cite this article in press as: Gadkari S, et al., Numerical an
methane, International Journal of Hydrogen Energy (2016), http://dx.where, ε0 represents the dielectric constant, ε00 the dielectric
loss factor, mr the relative permeability, E the electric field
vector, j the imaginary unit, s the conductivity, u the angular
frequency, ε0 is permittivity of free space, f the frequency, r the
density, Cp the heat capacity, T the temperature, u the velocity
vector, k the conductivity, Q the heat source due to micro-
waves, εp the porosity, ci the concentration of individual spe-
cies, i represents either methane gas, hydrogen gas or carbon,
De the diffusion coefficient, Ri the species' net reaction rate, p
the pressure, m the dynamic viscosity, I the identity matrix.
Subscript p refers to the quantities of the porous catalyst.
Eq. (2) which calculates the electric field vector E is solved
at a particular frequency of 2.45 GHz in the whole system
which includes the microwave oven cavity, waveguide and
the reactor tube. Eqs. (3)e(6) are solved in a transient study to
obtain the temperature, velocity, pressure and species con-
centration profiles in the reactor tube.
The governing equations are coupled to each other through
the variables. For example, the heat source term couples the
energy balance and microwave equations. The temperature
value obtained from the energy balance equation is coupled to
the reaction kinetics. The species concentrations obtained
from the kinetic model are coupled to the mass transfer
equation. The velocity and pressure profiles obtained by
solving the momentum transfer (5) and continuity (6) equa-
tions are coupled to the mass transfer and heat transfer
physics.
Once the catalyst reaches the required temperature, pure
methane gas (CH4) enters into the reactor tube from the top
and decomposes into carbon (C) and hydrogen (H2) following
the kinetics described in the next section. The solid carbon
formed during the reaction is deposited on the catalyst. Thus
the gas pressure in the reactor is expressed only as a function
of methane and hydrogen, as per Eq. (10).
p ¼ RTcCH4 þ cH2 (10)
All the input parameters that are used in the model are
presented in Table 1.
The coupled governing equations were solved using Finite
Element Method in COMSOL Multiphysics v 5.0. Eq. (2) was
solved at a fixed frequency value of 2.45 GHz using the
FGMRES Iterative Solver which uses the restarted flexible
generalized minimum residual method. Eqs. (3)e(6) were
solved in a transient study performed using the PARDISO
solver with a nested dissection multithreaded pre-ordering
algorithm.Chemical reaction kinetics
Activity (a) of the catalyst is assumed to be decreasing linearly
with time as the amount of carbon deposited grows, and is
defined as [41]:
a ¼ 1 CðtÞdep
Ccm
(11)
where Cdep is the carbon deposited and Ccm is the maximum
carbon deposited.
The catalyst activity is a direct function of operating con-
ditions. Dominguez et al. [21] have studied the effect ofalysis of microwave assisted thermocatalytic decomposition of
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Table 1 e Input parameters (material property values)
used in the model.
cin 41.6 mol/m
3 [21]
r 0.68 kg/m3 [31]
cp 815 J/kg K [31]
k 0.02 W/(m C) [31]
cpp 800 J/kg K [32]
rp 490 kg/m
3 [33]
kp 30 W/(m K) [21]
εp 0.68 [33]
h 5 W/(m2 K) Estimated
ue 0.9 W/(m
2 K) [34]
DCH4 1e-7 m
2/s [35]
DH2 4e-7 m
2/s [35]
εr (Catalyst, Microwave Cavity) 25-30i, 1 [35e38]
mr (Catalyst, Microwave Cavity) 0.91þ 0.08i, 1 [35,39]
s (Catalyst, Microwave Cavity) 45, 0 S/m [35,40]
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e84temperature and volumetric hourly space velocity (VHSV) on
methane conversion, while keeping the inlet CH4 concentra-
tion constant.
The deactivation rate of the catalyst, in terms of Arrhenius
temperature and VHSV dependency can thus be described as:
da
dt
¼ kdVHSVmad ¼ kd0eEd=RTVHSVmad (12)
where kd0 and Ed are the pre-exponential factor and activation
energy for the deactivation reaction rate and m & d are expo-
nents for the VHSV and activity respectively.
Different values of d (0, 0.5, 1 & 2) were considered and the
corresponding values of kd0 , Ed and m were calculated. These
values were then substituted in Eq. (12) to predict the activity
values as a function of time. These predicted values were
compared with experimental values determined from Eq. (11)
using the data of Dominguez et al. [21].
d ¼ 0.5 was found to produce the best agreement between
predicted and experimental values of activity.
In the case of d ¼ 0.5, activity can be expressed as,
a0:5 ¼ 1 0:5kdVHSVmt ¼ 1 0:5kd0eEd=RTVHSVmt (13)
Here VHSV is given inm3/(mol s), Ed is given in J/mol, T is in
K and kd0 in [mol/m
3]m sm1.
The values of kd0 , Ed and m for d ¼ 0.5, were derived as:
m ¼ 0.14, kd0 ¼ 9:82 104 and Ed ¼ 2844.
Following Abbas and Daud [41] activity can also be defined
as:
a ¼ rc
r0
(14)
rc ¼ dCdt (15)
where rc is the rate of carbon formation (given as mol/m
3 s), r0
is the initial rate of carbon formation (given asmol/m3 s) and C
is the carbon deposited in mol/m3.
Based on the experimental data of Dominguez et al. [21], r0
is derived as a function of T and VHSV as,
r0 ¼ 7e4,Tþ 970937,VHSV 0:1053 (16)
where r0 is given in mol/m
3 s, T in K and VHSV in m3/mol s.
Kinetics is implemented into the model in terms of rate of
change of different species concentrations as:Please cite this article in press as: Gadkari S, et al., Numerical an
methane, International Journal of Hydrogen Energy (2016), http://dx.rc ¼ r0,a ¼ dCdt ¼
1
2
dH2
dt
¼ dCH4
dt
(17)
with a being calculated by solving Eq. (12) for d ¼ 0.5.
It should be noted that the kinetic model developed here is
based on limited data set and thus is only applicable for the set
of conditions used by Dominguez et al. [21]. The aim of the
current work is to demonstrate the applicability of 3D coupled
models for studying microwave assisted TCD of methane.
Thus the necessity of using the above kineticmodel, evenwith
its limited applicability, is reasonable.
Boundary conditions
Walls of the microwave cavity and the waveguide are
considered to be made of copper in this model and thus the
electric field will only penetrate short distance outside the
boundary. This penetration is accounted using a useful
approximation known as the impedance boundary condition
(IBD), which avoids the need to include another domain in the
model while ensuring even the small losses are accounted
[35]. IBD is expressed as,
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m0mr
ε0εr  js=u
r
nHþ E ðn,EÞn ¼ 0 (18)
where n is the unit normal, H is the magnetic field.
At the symmetrical boundary, electric current cannot flow
and the tangential magnetic field vanishes, this is represented
as following,
nH ¼ 0 (19)
At the entrance of the rectangular waveguide, the applied
input power value is specified,
P ¼ P0 (20)
The temperature gradient across the symmetrical bound-
ary is zero, which is implemented by the following boundary
condition
n,ðk▽TÞ ¼ 0 (21)
The outer surface of the reactor tube loses heat due to
convection and radiation. These losses are represented as,
n,ðk▽TÞ ¼ hðT0  TÞ þ εessb

T40  T4

(22)
where, h is the heat transfer coefficient and εe is the emissivity
of the reactor tube.
At the inlet of the reactor tube, the flow rate is specified as,
Qf ¼ Qfin (23)
At the outlet of the reactor tube the pressure condition is
applied as,
p ¼ 0 (24)
At the symmetrical boundary, vanishing shear stresses
and no penetration condition is implemented as following
u,n ¼ 0 and K ðK,nÞn ¼ 0 (25)
where K ¼ m▽uþ▽uTnalysis of microwave assisted thermocatalytic decomposition of
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i n t e rn a t i o n a l j o u rn a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e8 5At the top boundary or inlet of the reactor tube, the inlet
concentration of CH4 is specified as,
cCH4 ¼ cin (26)
At the outlet of the reactor tube, the diffusive transport can
be ignored as convection is the dominant mode of transport
mechanism and this is implemented as following
n,ðDi▽ciÞ ¼ 0 (27)
At the symmetrical boundary, there is no mass flux in the
normal direction across the boundary, implemented as
follows,
n,Ni ¼ 0 (28)
Results and discussion
Electric field and temperature profiles
Fig. 2 shows the normal electric field distribution in the mi-
crowave cavity, with and without the reactor tube (with the
activated carbon catalyst), for applied input power of
P0 ¼ 1400 W. The electric field distribution depends on the
geometry of the cavity and the waveguide, as well as on the
position of the waveguide. As can be seen from Fig. 2 the
electric field within this multimode microwave cavity is a
complex standing wave with several modes resulting in a
non-uniform field distribution with areas of low and high
microwave energy. Introduction of the reactor tube (catalyst)
alters the electric field distribution inside the cavity as can be
clearly seen by comparing plots A and B from Fig. 2. Absorp-
tion of microwave energy by the catalyst and the reflections
from the walls of the microwave cavity redistribute the elec-
tromagnetic field. This also explains the importance of the
position of any sample inside the cavity, as not all regions are
exposed to equal field intensity.
Once the sample is exposed to the electromagnetic waves,
it gets heated up due to the continuous re-alignment of mo-
lecular dipoles which is restrained by the inter-molecular
bonds and leads to molecular friction. Geometry of the mi-
crowave cavity, position and geometry of the catalyst and its
dielectric and thermal properties determine how the sample
gets heated on exposure to microwave radiation. The rate and
intensity of the microwave heating are dependent on the
complex relative permittivity, the dielectric loss tangent of the
catalyst and the applied input power.Fig. 2 e Normal electric field distribution in the microwave
oven cavity (A) without the reactor tube (B) with the reactor
tube.
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methane, International Journal of Hydrogen Energy (2016), http://dx.For a fixed position of the catalyst inside the microwave
cavity, the average temperature of the catalyst can be changed
by changing the input power. Once the power is switched on,
the temperature in the catalyst increases and reaches a steady
state in about 60 s in our simulations. Fig. 3 shows the steady
state temperature distributions in the catalyst for three
different applied input power values, P0 ¼ 800 W, P0 ¼ 1000 W
and P0 ¼ 1200 W.
The average temperature of the catalyst increases with
increase in input power as can be seen by comparing profiles
A, B & C in Fig. 3. The temperature distribution is non-
uniform over the catalyst, however the heating pattern ap-
pears to be similar for all input powers, with two hot spots
being formed in the volume of the catalyst, one in the upper
half closer to the top and the other in the lower half near the
bottom. The center of the catalyst remains at a slightly lower
temperature for all the three cases. The overall temperature
difference in the catalyst for any value of input power is not
more than 200 C. The formation of hot spots depends on a
number of factors including, the electromagnetic field in the
microwave cavity, shape of the sample, the position of the
sample in the microwave cavity, microscopic details of the
porous structure and the dielectric properties of the catalyst.
The properties of the activated carbon catalyst (which are
also a function of temperature) change as the byproduct
carbon from the reaction gets deposited on its surface over
time. However these variations in the properties have not
been included in the current model for simplification and
due to lack of the availability of accurate temperature
functions.
Comparison with experimental results
Once the catalyst reaches the required average temperature,
pure methane gas enters the reactor tube from the top and
decomposes into solid carbon and hydrogen gas. In the cur-
rent study, the reaction rate and catalyst deactivation pa-
rameters have been derived from the experimental data from
Dominguez et al. [21]. Fig. 4 shows the comparison between
CH4 conversion profiles as predicted from the simulation re-
sults at 800 C and 900 C and experimental results published
in Dominguez et al. [21]. The conversion of CH4 was calculated
employing the concentrations of hydrogen and methane at
the outlet of the catalytic bed similar to the procedure fol-
lowed by Dominguez et al. [21]. The expression used for
calculation of CH4 conversion (%) is given by Eq. (29).Fig. 3 e Temperature profile in the catalyst at applied
power, (a) 800 W, (b) 1000 W and (c) 1200 W.
alysis of microwave assisted thermocatalytic decomposition of
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Fig. 5 e (a) CH4 and (b) H2 concentration distribution in
terms of volume and slice plots in the reactor tube for
average temperature of 800 C at different times, t¼ 1 min,
t ¼ 15 min and t ¼ 30 min.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e86CH4% ¼
100 	averageðH2Þout
2	
averageðCH4Þout þ averageðH2Þout


2
 (29)
The simulation profiles at 800 C and 900 C, as can be seen
in Fig. 4, do not completely overlap the experimental data,
however there is still a fair agreement between the two. The
predicted profiles show much better agreement at the higher
temperature, 900 C, while over-predict the CH4 conversion (or
under-predict the deactivation) at 800 C.
Accounting for the fact that very limited experimental data
was available for deriving the kinetic parameters, the agree-
ment between simulation predictions and the experimental
data can be considered good. This also suggests that the
coupled CFD model can be reliably used for studying the
microwave-assisted thermocatalytic decomposition of
methane.
CH4 and H2 concentration profiles
Fig. 5 shows 3D volume and slice plots of the percentage
concentration profiles of CH4 and H2 in the reactor tube after
1 min, 15 min and 30 min, at average catalyst temperature of
800 C. As can be seen from Fig. 5 (a), the CH4 decomposition
starts immediately as it comes in contact with the catalyst at
800 C. As the plots show, after 1min, the concentration of CH4
at the outlet falls to about 0e10 % and at the same time, the
concentration of H2 is between 90 and 100% at the outlet (Fig. 5
(b)). This is consistent with the experimental results which
show a near 100% conversion of CH4 as the input gas enters
the reactor tube [21]. As the reaction proceeds further, the
solid carbon which is being formed as a by-product of the
reaction, gets deposited on the catalyst surface and blocks the
active sites, which leads to decrease in the activity of the
catalyst. This deactivation effect has been included in the ki-
netic model and accordingly the simulation results predict a
decrease in CH4 conversion overtime. This can be seen in
terms of increase in CH4 percentage and decrease in H2 per-
centage at the outlet, as observed in the plots for 15 min and
30 min in Fig. 5. After 15 min the concentration of CH4 at the
outlet is about 20% and after 30 min it rises to about 35%.
Corresponding H2 concentration values at the outlet, as
described in Fig. 5 (b), also accurately reflect the falling CH4
conversion, which is consistent with the conversion profile at
800 C as shown in Fig. 4 (a).
It should be noted that, though the temperature distribu-
tion in the catalyst volume is non-uniform, there is noFig. 4 e Comparison of experimental data (squaremarkers) and s
as a function of time.
Please cite this article in press as: Gadkari S, et al., Numerical an
methane, International Journal of Hydrogen Energy (2016), http://dx.sudden spike change in concentration value of either CH4 and
H2 and the concentrations are varying linearly across the
length of the reactor tube (the slice plots are shown for better
visibility along the length of the catalyst). This suggests that
the effect of temperature hot spots observed in Fig. 3 is quite
local and the catalyst is heated volumetrically throughout the
catalyst.imulation predictions (continuous lines) for CH4 conversion
alysis of microwave assisted thermocatalytic decomposition of
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Fig. 6 e CH4 conversion as a function of time for three different VHSV values, (A) 0.16 L/(g h), (B) 0.31 L/(g h) and (C) 0.72 L/
(g h). Square markers represent the experimental data and continuous lines represent the simulation predictions.
i n t e rn a t i o n a l j o u rn a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e8 7Effect of volumetric hourly space velocity (VHSV) on
conversion
Volumetric hourly space velocity or VHSV is defined as the ratio
of the total volumetric flow rate at the inlet of the reactor to the
massofcatalystand ithasbeenshownto influence themethane
conversion [21]. The influence of VHSV was studied using the
currentmodelunder thesameconditionsasusedbyDominguez
et al. [21], which essentially includes varying the VHSV by
changing theflow rate of CH4 andmass of catalyst at an average
temperature of 800 C. Fig. 6 shows the CH4 conversion rates for
thethreedifferentVHSVvalues, (a) 0.16L/gh, (b)0.31L/ghand(c)
0.72 L/g h. Also included in the figures are the corresponding
experimental values obtained by Dominguez et al. [21].
AscanbeseeninFig.6, theagreementbetweenpredictedand
experimental CH4 conversion values is good at lower VHSV
values. However the agreement impairs as the VHSV value in-
creases.At thehighestVHSVvalue, 0.72L/gh, simulation results
under-predict the CH4 conversion for the initial 10min. Further
down, the predicted values fail to predict the sudden drop in
conversion as observed in experiments. The main reason for
this disagreement is the lack of adequate experimental data to
derive the correct correlation coefficient between the rate of
reaction and VHSV. Nevertheless, the model does manage to
capture the general trend and in accordance with previous
findings byDominguez et al. [21] and Chen et al. [29], the overall
CH4 conversion decreases with increase in VHSV. As the resi-
dence time of methane over the catalyst ismore at lower VHSV
and decreases as the VHSV increases, methane conversion is
also expected to decrease as VHSV increases. If all the other
parameters are fixed, a higher residence time leads to betterPlease cite this article in press as: Gadkari S, et al., Numerical an
methane, International Journal of Hydrogen Energy (2016), http://dx.conversionandthesimplekineticmodeldeveloped in this study
manages to highlight this important effect.Conclusion
A 3D coupled numerical model for microwave assisted TCD of
methane is developed. The temperature distribution identi-
fied hot spots in the upper and lower half of the catalyst. The
concentration profiles for both CH4 and H2 predicted a linear
change across the length of the reactor tube and correctly
capture the catalyst deactivation over time as the reaction
proceeds. The CH4 conversion profiles at different tempera-
tures and VHSV values show reasonable agreement with
experimental data.Acknowledgements
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